Corrosion inhibition of aluminum in 1M NaOH solution by Mesembryanthemum nodiflorum leaves extract was investigated using the weight loss technique. 
Introduction
Aluminum and its alloys are very important materials with many applications in industry due to their low cost, light weight and high thermal and electrical conductivities. [1] The corrosion of aluminum and its alloys was the subject of several studies due to the high technological value and wide range of industrial and household applications. In neutral aqueous solution, aluminum and its alloys are very good corrosion resistant materials due to the formation of a passive film.
The corrosion of aluminum in different media has been studied. Numerous inhibitors have been used to control the corrosion of aluminum. Sansevieria trifasciata extract, [2] Capparis deciduas, [3] polyethylene glycol, imidazoline derivatives [4] and delonix regia extract [5] have been used to prevent the corrosion of aluminum in acidic media. In alkaline solution, gongronema latifolium extract, [6] methyl orange, [7] bismark brown dye, [8] adathoda vasica leaves extract, [9] onion and its extract [10] have been used as inhibitors to prevent the corrosion of aluminum. The extracts of these materials generally contain mixtures of compounds having atoms like S, O and N. The presence of these atoms in molecules will enhance the corrosion inhibition process. [11] [12] [13] Several investigators have reported the inhibition of corrosion using eco-friendly, readily available and eco-acceptable environmental and economic natural products as corrosion inhibitors. [14] [15] [16] [17] [18] They have observed that the solutions made of the extracts of the leaves serve as excellent corrosion inhibitors. Recently Batainah et al. have studied the corrosion behaviour of aluminum in sodium hydroxide containing Plumbago europaea leaves extract. [19] Irshedat et al. have reported the inhibition of aluminum corrosion by Lupinus varius l. extract in a basic medium using weight loss technique. [20] The Mesembryanthemum nodiflorum extract contains the indole alkaloids I-IV as major chemical constituents. [21] In this study, the effect of Mesembryanthemum nodiflorum extract was studied as a corrosion inhibitor for aluminum in 1M NaOH solution in the temperature range of 25-50 °C. 
Results and Discussion
Weight loss technique is the simplest method for studying the corrosion process.
The basic property determined for corroded specimens is the weight loss taking place over the period of exposure, being expressed as the corrosion rate. [22, 23] Figure 1 shows The inhibition efficiency of the Mesembryanthemum nodiflorum extract could be attributed to the presence of organic chemical compounds. Previous study has shown that the Mesembryanthemum nodiflorum extract contains alkaloids I-IV as major constituents. [20] It is clear that these constituents contain heteroatoms such as oxygen %I at 50˚C
and nitrogen atoms, as well as conjugated double bonds. Therefore, the adsorption of these component molecules on the Al metal surface could take place via electrostatic attraction between the charged metal surface and the charged inhibitor molecules and also due to the π-electrons interaction with the metal.
Kinetic and thermodynamic considerations
The corrosion rate, R', of Al is calculated using equation 1
where ΔW is the mass loss, A is the area and t is the immersion period in the basic solution. A plot of the logarithm of the corrosion rate of aluminum obtained from weight loss measurements versus reciprocal temperature (1000/T) gave straight lines, as shown in Figure 3 . The activation energy (E a ) was determined by using the following equations: [24] R' = A exp (E a /RT)
where E a is the apparent activation energy for the corrosion of Al in 1M NaOH solution, A is the frequency factor, R is the general gas constant and T is the absolute temperature. The values of E a for the corrosion of Al in 1M NaOH solution were calculated from the slopes of these lines and are given in Table 2 .
The value of the activation energy for the corrosion of aluminum is high in the absence of the inhibitor (50.8 kJ mol -1 ) which is close to that reported by Batayneh et al. [19] for the corrosion of aluminum in 1M NaOH (49.8 kJ mol -1 ). E a decreases however in the presence of the Mesembryanthemum nodiflorum extract. This may arise from the shift of the net corrosion reaction from that on the uncovered surface to one involving the adsorbed sites. [25] [26] [27] [28] [29] [30] by applying the transition state theory (Eyring equation): [31] R' = RT/N h exp
where h is Planck's constant, N is Avogadro's number, ΔH* and ΔS* are the enthalpy and entropy of activation, respectively. The value of ΔH* and ΔS* were calculated and are listed in Table 2 . The values of ΔH* reflect the strong physical adsorption of the inhibitor on Al surface. The values of ΔS* are large and negative in the absence and presence of the inhibitor. This indicates that the activated complex represents an association rather than a dissociation step.
[31] 
Adsorption considerations
The values of the heat of adsorption (Q ads ) of inhibitor on the surface of Al specimen were calculated according to equation (3) Q ads =2.303R [log (
where R is the gas constant, θ 1 and θ 2 are the degree of surface coverage at temperatures T 1 and T 2 , respectively. 
The values of Q ads were accordingly calculated for the different inhibitor concentrations applied in this work. It was found that all of the values of Q ads were positive for 1M NaOH extract solution and ranged from 21.9 to 55.9 kJ/mol. The positive values of Q ads indicate that the inhibition efficiency of the Mesembryanthemum nodiflorum extract on aluminum surface increases at high temperatures. [32] Langmuir adsorption isotherm [33] [34] [35] was found to be suitable to fit the experimental findings. The Langmuir adsorption isotherm is given in equation 4:
where C is the concentration of the inhibitor, K ads is the equilibrium constant of adsorption, θ is the degree of surface coverage. Figure 5 shows a plot of log(C/θ)
versus log C at 25-50 ºC for the adsorption of plant extract on the surface of Al in 1M
NaOH giving a straight line ( Figure 5 ). The suitability of the Langmuir adsorption isotherm to fit the adsorption of the plant extract indicates the consistency of this adsorption with the assumptions of the Langmuir adsorption model, suggesting that there is no interaction between adsorbed species. [36] The adsorption parameters deduced from figure 5 are listed in table 3. The adsorption of plant extract on Al surface was also found to follow the Temkin adsorption isotherm (Eq (5)) which is represented in figure 6 . The adsorption parameters deduced from the Temkin adsorption isotherm are tabulated in table 4.
The values of standard free energy of adsorption, G ads , of plant extracts on the Al surface from 1 M NaOH solution is calculated using Equation 6 and are listed in tables 3 and 4.
[37]
∆G ads = -2.303RT log (55.5 K ads ) (6) where R is the gas constant, T is the temperature, 55.5 is the concentration of water and K ads is the equilibrium constant of adsorption obtained from the Langmuir and Temkin adsorption models.
The values of ΔG ads were negative at 25-50 ºC. The negative values indicate spontaneous adsorption process of the plant extract on the aluminum surface, and the suggested mechanism is physical adsorption because G ads < 40 kJ/mol. [37] Figure5: Langmuir model for the adsorption of Mesembryanthemum nodiflorum extract (2.8-14 g/L) on aluminum surface in 1 M NaOH solution for 2 hour at different temperatures. 
Conclusions
The Mesembryanthemum nodiflorum extract was successfully used as a corrosion inhibitor on the surface of aluminum metal in 1M NaOH solution. The inhibition efficiency was found to increase with increasing the concentration of the Mesembryanthemum nodiflorum extract to achieve a value of 95.1% at the maximum inhibitor concentration of 14 g/L at 50 ºC. It was also found that the inhibition efficiency increases on increasing the temperature. The value of the activation energy E a was found to be lower in the case of having the inhibitor in solution than that where it is absent. The adsorption of the inhibitor molecules was also found to be consistent with a physical adsorption mechanism.
